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A B S T R A C T
The availability and accessibility of natural resources are fundamental for human well-being and the
functioning of global economies. International policies have been developed with the aim to ensure
resource efﬁciency and to respond to environmental and socio-economic concerns towards the
sustainable management of natural resources. In fact, building effective resource policies requires solid
methodologies and indicators for monitoring resource extraction and consumption by the economies as
well as all its related environmental impacts. The present study focuses on the European context,
assessing current methodologies for resources analysis towards identifying their strengths and
weaknesses in supporting policies. The study analyses trends in material resource extraction within
Europe and imports over the past 10 years. Three approaches are compared: (i) ‘‘mass’’-based accounting
(i.e. material ﬂow analysis); (ii) ‘‘impact assessment’’-based, founded on the life cycle assessment
methodology, and (iii) ‘‘resource criticality’’-based, building on assessment of critical raw materials for
EU economy. The paper shows through some examples that this methodological choice has relevant
repercussions in terms of resource prioritization. Hence, the choice of the accounting methodology and
the setting of targets should be guided by the policy objective(s) (i.e. dematerialization, environmental
impact reduction and security of resource supply), possibly complementing the different insights
coming from the three approaches.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Availability and accessibility of natural resources are fundamen-
tal conditions for ensuring human well-being and the functioning of
global economies. Therefore, resources are at the heart of many
environmental and socio-economic policies. Several international
initiatives and policies are promoting resource efﬁciency, circular
economy and dematerialisation, aiming at the reduction of
environmental impact (e.g. UNEP, 2012; EC – European Commission,
2010, 2011a). Moreover, from an economic standpoint, access to
natural resources is essential for industrial competitiveness.
Over the years, the EU industrial policy has undertaken several
initiatives to ensure a secure and sustainable supply of raw
materials (e.g. EC – European Commission, 2008), which include
the identiﬁcation of materials that are critical for the economy, in
terms of supply risk and economic importance (EC – European
Commission, 2014).* Corresponding author.
E-mail addresses: lucia.mancini@jrc.ec.europa.eu (L. Mancini),
lorenzo.benini@jrc.ec.europa.eu (L. Benini),
serenella.sala@jrc.ec.europa.eu (S. Sala).
http://dx.doi.org/10.1016/j.envsci.2015.07.025
1462-9011/ 2015 The Authors. Published by Elsevier Ltd. This is an open access articl
4.0/).Building effective resource policies and achieving resource
efﬁciency objectives require solid methodologies and indicators for
monitoring the extraction and consumption of natural resources –
used by the economies – as well as all the related environmental
impacts.
Huysman et al. (2015) discuss three different perspectives
currently adopted in resource accounting:
1. mass-based resource accounting, in which material throughputs
between natural and anthropogenic systems are measured, e.g.
using material ﬂow analysis (MFA) (Adriaanse et al., 1997;
Bringezu and Moriguchi, 2002); or the life cycle inventories (LCI)
in a life cycle assessment framework;
2. impact-based resource accounting, using e.g. life cycle impact
assessment (LCIA) methodologies. This approach entails that
inventoried resources are multiplied by factors (so-called
characterization factors, CF1) representing speciﬁc resource-
related impacts. Other impact assessment schemes can also be1 Factor derived from a characterization model which is applied to convert an
assigned life cycle inventory analysis result to the common unit of the impact
category indicator (EC – European Commission, 2011b).
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
2 Due to the extensive amount of information provided by the study, some tables
and ﬁgures cited in the text (numbered with ‘‘s’’) are available in the Supplementary
Material.
3 The main shortcoming of this indicator is that it considers only the direct
materials embodied in traded good, while the upstream indirect material ﬂows of
traded goods, the so-called ‘‘ecological rucksack’’, are not included. As acknowl-
edged by many authors (Dittrich and Bringezu, 2010; Dittrich et al., 2012; OECD,
2008; Schoer et al., 2012) neglecting the indirect ﬂows associated with traded goods
could provide misleading information to governance, since shifting of environ-
mental burden to resource suppliers countries are not disclosed.
4 ‘‘The RME concept takes the perspective of raw materials embodied in products,
indicating how much extraction of material was necessary over the whole
production chain for manufacturing a speciﬁc product, irrespective whether those
raw materials where extracted from the domestic or the rest of the world
environment. The weight of the consumed raw materials is measured at the point of
extraction from the environment. The estimation of RME is based on the Leontief
approach, which is a well-established method for environmental economic
analysis. That approach applies input–output analysis for assigning direct
environmental pressures – measured in physical units – by the individual
production activities to the products of ﬁnal use and of imports’’ (Schoer et al.,
2012).
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leading to deﬁne critical raw materials (CRM);
3. overall environmental impact-based resource accounting (Huys-
man et al., 2015), assessing the environmental burden
associated to resource extraction and use.
While mass based accounting methods express ﬂows of
resources by means of the physical property ‘‘weight’’, impact-
based methods consist of a system of CF that translate a physical
property into other metrics. These metrics aim to quantify the
‘potential’ impacts generated on the area of protection ‘‘natural
resources’’ and generally build on concepts such as scarcity,
depletion, criticality, and cost of production from nature (emergy)
or exergy. Similarly, the concept of overall environmental impact-
based resource accounting considers the whole set of potential
environmental impacts (e.g. climate change, ecotoxicity etc.)
associated with the extraction of a resource. This latter approach
is not taken into account in this study, which focuses on 1 and 2.
Statistics based on MFA have been widely used to describe global
patterns of resource extraction and productivity (Bleischwitz, 2010;
Giljum et al., 2014a; Steinberger et al., 2013), relating them to: e.g.
population trends and economic performance (Krausmann et al.,
2009); income and other socio-economic factors (Steinberger et al.,
2010); for deﬁning socio-metabolic regimes (Krausmann et al.,
2008). Dittrich and Bringezu (2010) and Dittrich et al. (2012)
performed a global assessment of resource use and its implications
for regional development and environmental consequences. Watson
et al. (2011) provide a fuller picture of the material resource
footprint of the European economy, i.e. the net consumption of
material including also ‘‘hidden ﬂows’’ of resources both domesti-
cally and abroad using a combination of input/output analysis and
MFA. Other studies investigate the material footprint at global level
(Giljum et al., 2014b; Wiedmann et al., 2013). Resource footprints of
ﬁnal consumption may be evaluated using a global economic-
environmental database ground on ‘‘Multiregional Environmentally
Extended Supply and Use/Input-Output Tables’’ (Tukker et al., 2014).
This has been also applied to assess progress on resource efﬁciency
in different EU economic sectors (EEA, 2014).
Mass-based accounting underpins the monitoring of the
Resource efﬁcient ﬂagship initiative of the European Commission
(EC) (2011a). The ratio between Gross Domestic Product (GDP) and a
mass-based indicator (Domestic Material Consumption, DMC) was
chosen by the EC as leading indicator for tracking progress towards
the dematerialization of the economies and the decoupling of the
economic growth and resource use (Eurostat, 2010). On the contrary
of MFA, the application of LCA methodology to the macroeconomic
scale is still at an early stage, and the framework of the Life Cycle
based indicators developed by EC-JRC (EC – European Commission,
2012) represents one of the ﬁrst proposals of impact-based
indicators to be used at macro-economic scale (Tukker et al., 2009).
The scope of this paper is to compare and discuss mass-based
and impact-based resource accounting and their application for
resource policy (Fig. 1). In particular, it aims to evaluate the
feasibility and opportunity of using impact assessment methods
for supporting resource policy. The results may help understanding
the implications associated with resource accounting when
adopting methods based on relative share of mass ﬂows as well
as relative scarcity/criticality of the resource. Indeed, this study
reﬂects upon proposed targets for resources, e.g. those proposed by
(BIO Intelligent Service, 2012), to identify where to prioritize
efforts following different perspectives: e.g. promoting demater-
ialisation based on accounting for mass ﬂows, focusing on speciﬁc
resources due to their scarcity or to geopolitical considerations
that may affect their availability to economy.
In this study, trends in resource extraction (following the
accounting of point 1. and 2. in Fig. 1) and related resourcedepletion impacts (as for point 3. in Fig. 1) are assessed and
analyzed for the period 2000–2010. Imports of resources are also
taken into account together with domestic extractions in order to
estimate the actual requirement of natural resources by the EU
economy. Due to limited data availability, only MFA data have been
used for the analysis of import. The paper is organized as follows.
Section 2 describes the underlying methodologies and the datasets
used for the assessment; Section 3 presents the results for each
resource typology; in Section 4, we discuss the differences
resulting from the analysis of resource trends including also a
criticality assessment (point 4. in Fig. 1). The contribution analysis
to domestic extractions and impact focuses on metals (year 2010)
and highlights the implications of the selection of accounting
methods when setting targets as well when assessing the relative
contribution of trade over domestic extractions. The conclusion
section presents the main strengths and limitations of the three
approaches for resource policy support.
2. Methodology2
Mass-based and impact-based approaches refer to two well
established methodologies, i.e. MFA and LCA. Both methodologies
could be used for assessing resource trends. Inthis section we present
some hurdles that these methodologies face in terms of: compara-
bility and consistency; data sources; and integration of resource
criticality metrics. More detailed information on data sources and
methodological issues are reported in the supplementary material.
2.1. Material ﬂow accounting (MFA)
The term material ﬂow analysis (MFA) refers to a set of
descriptive and analytical tools based on the materials balance
principle, which can be applied to different levels of detail (from
economy-wide to product chains) in order to understand the
interaction between human activities and the environment (Bring-
ezu and Moriguchi, 2002; OECD, 2008). Economy-wide material
ﬂow accounts (EW-MFA) have been adopted by EUROSTAT to
describe the material throughput of the EU economy and to indicate
the metabolic performance using a number of aggregated indicators.
Within this set of indicators we ﬁnd the DMC, which measures the
amount of materials directly consumed by the economies. It is
derived as the annual amount of raw materials extracted from the
domestic territory (Domestic Extraction Used, DEU), plus all physical
imports minus all physical exports.3 Raw Material Consumption
(RMC) represents a new development of the DMC. It adopts a life
cycle perspective for the accounting of import and export, thus
considering the upstream ﬂows along the production chain and
expressing them in Raw Material Equivalents (RME)4 (Schoer et al.,
Fig. 1. Mass based vs. impact assessment methodologies for resources.
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model called ‘‘mixed Leontief/life cycle assessment approach’’.
However, a wide range of methodological options exist to calculate
indicators on material footprint, through different types of
economic-environmental input-output analysis, or using coefﬁcient
approaches or hybrid methodologies combining both basic
approaches (Lutter and Giljum, 2014).
2.2. Life cycle assessment (LCA)
LCA aims to quantify all physical exchanges with the
environment in the form of inputs and outputs throughout
the life cycle of products, from cradle to grave. These ﬂows are
gathered in an inventory (LCI) and then classiﬁed according to
the impact category(ies) they belong to, in the so-called life cycle
impact assessment phase (LCIA). In that phase the ﬂows composing
the inventory are quantiﬁed in terms of impact indicators through
multiplication with characterization factors (CFs).
2.2.1. Life cycle inventory (LCI)
The LCA methodology has been applied at a macroeconomic
scale in the life cycle based indicators developed by EC-JRC
(EC – European Commission, 2012), aiming at monitoring the
environmental impacts associated with European production and
consumption, by including also impacts from trade. For this
purpose a domestic EU inventory of resource extractions and
emissions was compiled for the period 2000–2010 (Benini et al.,
2014a,b) by matching the statistics on resources and emissions
reported by international agencies with the LCA nomenclature
introduced by the International reference Life Cycle Data system
(ILCD) (EC – European Commission, 2010a). This inventory (from
now on ‘‘LC-ind inventory’’) covers the following categories of
resources extracted within the EU27: metals, minerals, energy
carriers, and biotic resources. The dataset is based on available
statistics as well as estimations based on data-gap ﬁlling
procedures (interpolation) and proxies such as sectorial statistics
and trends of similar ﬂows of resources (Sala et al., 2014).
2.2.2. Life cycle impact assessment (LCIA)
In this analysis resource depletion due to the extraction of biotic
and abiotic resources in EU27 has been assessed and comparedwith the depletion impact due to imports. Different LCIA methods
are applied for domestic extractions of minerals and metals: i.e.
CML (Guinee et al., 2002), EPS (Steen, 1999) and ReCiPe (Goedkoop
et al., 2009). This comparison allows exploring the consequences of
choosing one method or the other, in the context of policy making
and resource prioritization. Table 1s shows the datasets used for
the impact assessment and describes methods applied for the
different resource categories.
2.3. Assessment of resource criticality
In 2010, the European Commission published a list of raw
materials, so called ‘‘Critical Raw Materials (CRM)’’, i.e. materials
that deserve special attention due to their risk of supply and
economic importance (EC – European Commission, 2010b). The list
was updated in 2014, while maintaining the same approach (EC –
European Commission, 2014). The methodology underpinning the
identiﬁcation of CRMs for the EU combines two main variables:
economic importance (EI) and supply risk due to poor governance
(SRWGI) (Table 1s).
As discussed in (Mancini et al., 2015), LCA is well positioned
to provide information on resource-related issues of concern to
businesses and governments, such as the criticality of raw
materials used in the supply chains. In this study, SRWGI values
published in (EC – European Commission, 2014) are applied
as CF resource extraction data (data on metal content from
LC inventory). The criticality scores are thus used with the
same reasoning as for the other impact assessment methods
based on resource depletion. The assessment is performed
for the year 2010, in order to highlight which resources would
result as priority if a resource security criterion is used (see
Section 3.2).
3. Results
Results are reported in two parts: (i) trends in resource
extraction using data from LC-ind inventory with MFA for metal
ores, non-metallic minerals, biomass and fossil energy materials/
carriers; (ii) impact assessment results, including a comparison
between impact assessment (IA) methods.
5 Alternative sources could be used to convert gross ore to metal content. For a
comparison see Fig. 20s.
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In this section the results from inventory data are illustrated
taking into account: differences between the LC-ind inventory
with MFA data, resource trends of domestic extractions and
imports, contribution of different resources to the overall amounts
extracted.
3.1.1. Metal ores
From the results in Figs. 2–4s it is possible to note that both
domestic extraction and import of metals (gross ores) do not show
a net trend over time. Concerning domestic extraction, in MFA
results there is clear increase in the year 2010, which is not
observed from the LC-ind inventory. The difference between the
two data series increases since the year 2005, up to 20% in 2010. In
MFA the rise in extractions regards all the metals except tin;
chromium and manganese display the higher increase (respec-
tively +220% and +140%). However, as these metals represent a
small share of the overall production (respectively 0.3 and 0.1% of
the total metal extractions), the overall increase depends more on
nickel (+63%) and copper (+36%). Copper and iron are the main
contributors of the total impact both in the data from EW-MFA, and
in the LC results. Imports of metals are 8 times higher than
domestic extraction; gold and copper are the main contributors to
the total import.
3.1.2. Non-metallic minerals
Due to the methodological aspects described in the supplemen-
tary material (Section 2.2), the amount of non-metallic minerals
from LC indicators is on average of one order of magnitude lower
than the DEU ﬁgures (Fig. 5s). By grouping the resource ﬂows of LC
inventory for the year 2010 in the corresponding MFA categories
(Table 3s) it is possible to highlight the material groups that
contribute more to the overall difference: sand and gravel (that are
not accounted in LC), limestone and gypsum and chemical and
fertilizers minerals (both one order of magnitude higher in MFA).
Sand and gravel are the predominant contributors in domestic
extraction trends from MFA data (Fig. 7s) while the contribution in
LC-ind inventory is spread between salt, clays, dolomite, porphyry
and gypsum which cover approximately 63% of the total volumes in
2010, at EU27 scale (Fig. 5s). In both cases the trend of domestic
extraction of non-metallic minerals increases until 2007–2008, and
then decreases. The EU is almost self-sufﬁcient for non-metallic
minerals, with imports being ten times lower than domestic
extractions (Fig. 7s). Sand and gravel are the main contributor
also for imports, representing 40% of the total in 2010. The trend
of import in the considered decade is stable.
3.1.3. Primary energy sources
The results related to the primary energy sources are in Figs. 8–
10s. They show that, in spite of the energy security strategy
promoted by the EU in the last decade (EC – European Commission,
2000), the primary energy sources domestically extracted in the
EU27 are sensibly decreasing. MFA data, available in mass unit,
have been converted into thermal MJ, using ILCD conversion
factors (i.e. net caloriﬁc values for fossil fuels and nuclear heat
produced per tonne of uranium assuming an operating light-water
reactor) (Table 4s). The most relevant reduction is observed for
uranium (70%) and oil extraction (43%) as well as a decrease of
41% in hard coal production. The results from the LC inventory
show the same trend as MFA and a similar composition of energy
resources. This drastic reduction of primary energy resources
extraction has been compensated mainly by increasing imports
(Figs. 9 and 10s) and only partially by the use of renewable energy.
Around 50% of the total import is due to crude oil, while natural gas
represented 25% of the total in 2010.3.1.4. Biomass
The extraction of biotic resources within the EU27 does not
show a clear trend over the time frame of the analysis (Figs. 11–
13s). In general, for the period 2000–2010, the ﬁgures provided by
the LC inventory are slightly inconsistent with the MFA statistics.
Even though they use the same classiﬁcation system, data sources
of the two inventories differ (FAO for LC-ind inventory and national
statistical ofﬁces for MFA). The difference between the DEU and the
LC inventory vary, depending on the category (Table 6s). Fodders,
grazed, oil bearing crops and ﬁbres are the categories displaying
the higher difference, and all of them have higher values in the
MFA dataset. The reason of such discrepancy has to be found in
the accounting scheme adopted, as well as in the estimations
techniques used and in the statistical sources which were
retrieved. Imports of biomass are four times lower than domestic,
and timber (22% in 2010), oil bearing crops (20% in 2010) and
cereals (11% in 2010) are the main contributors (Fig. 13s).
3.2. Resource trends: impacts
Applying life cycle impact assessment models, it is possible to
assess the impacts associated to the different resources for which
an inventory is available.
For the energy resources the Abiotic Depletion Potential (ADP)
impact assessment method (Guine´e, 2002; Van oers et al., 2002)
has been applied (Figs. 14 and 15s). ADP is the method currently
recommended for LCIA by the EC-JRC (EC – European Commission,
2011b). The depletion of domestic energy primary sources is
dominated by the reduction of uranium extraction. This is due to
the fact that uranium CF is very high if calculated with the ADP
method (3.59E07 kg Sb eq./MJ). Hence, the difference is two order
of magnitude higher than fossil fuels which range from
6.75E09 kg Sb eq./MJ (peat) to 7.79E09 kg Sb eq./MJ (natural
gas, coal, oil). Fig. 15s clearly shows the burden shifting occurred in
the last decade, since the domestic impact has decreased at the
expense of imported resources, demonstrated by the increase of
depletion impact due to import.
The ADP methodology does not have CFs for biotic resources,
therefore, the EPS 2000 method was used for estimating the
depletion of this category as it has the highest coverage of biotic
resources, including: wood, ﬁsh and meat. Most of the domestic
impact (about 65%) is due to wood, while the main contributor for
the impact due to import is ﬁsh catch (Fig. 16s).
In order to compare the depletion potential due to domestic
extractions of metals with the ones due to imports, data from MFA
have been converted from gross ore to metal content. This
conversion was needed to allow the application of CF. The
conversion factors have been taken from (Swart and Dewulf,
2013), but are available for a limited set of metals only.5 Among the
seven metals accounted, silver is the main contributor in the
domestic depletion, while gold dominates the depletion from
imports (Fig. 18s). The trends in metal depletion are slightly
increasing in the case of import and almost stable for the domestic
ones (Fig. 19s).
Focusing on domestic extractions, it is possible to use a larger
set of inventory data from the LC-ind inventory (available in metal
content) and to have a more detailed contribution analysis. Both
metals and non-metals extractions are accounted within the
inventory. Fig. 21s shows that the extraction of strontium (in light
blue), followed by silver (red), dominate the overall resource
depletion in the EU27. The results can be explained by the fact that
the three metals have the highest characterization factors (CFs)
among the metals extracted in EU27, respectively: 0.18 and 8.42,
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106. Since the used impact assessment method (ADP) is based
on the ratio between extractions and reserves (see Table 1s), the
high CF values for these materials depend on the relatively high
production rates compared to the available reserves.
Several perspectives can be adopted in the impact assessment
of resources (Dewulf et al., 2015). As pointed out by Steen (2006)
the existing characterization methods for resources are based on
different types of problem deﬁnitions, although not always
explicit.6 Comparing the results from different LCIA methods
and indicators allows for highlighting which resources are critical
from different points of view e.g. in terms of geological scarcity
(CML), increasing energy demand (ReCiPe) or costs for substituting
depleted resources (EPS).
In order to show these different perspectives, results from
ReCiPe and the EPS methods are reported in 22s and 23s. Being
different the underlying assumptions and the perspectives, the CFs
differ substantially, as described by (Klinglmair et al., 2013) along
with the results. Several metals – absolutely dominant in the
previous analysis – are now much less relevant than others. For
instance, copper plays a very important role within both the EPS
2000 and ReCiPe methods, on the contrary of CML. The differences
are due to the fact that the methods underpinning the calculations
are pointing at different issues, attempting giving answers to
different questions.
4. Discussion on the results and implication for policy making
4.1. Discussion on resource trends accounting
Robust estimates are fundamental for assessing trends in
resource extraction, depletion and the efﬁciency of their use.
Similarly, robust information is needed for setting targets for
resource use. At inventory level, it emerged that the MFA and the
ﬁgures reported in the LC-ind inventory are not always consistent.
This might be due to the fact that the LCA nomenclature (in this
case the ILCD one) is not directly comparable to the MFA, and that
different assumptions and boundaries are set in order to answer
different questions. Additionally, accounting principles as well as
different statistical sources have led to differences in the overall
results. Methodological issues related to the inventories and the
data are treated in the supplementary materials (Sections 1 and 2).
While using both datasets, trends in domestic resource
extractions do not show substantial changes over time (Fig. 2),
with exception of primary energy sources that show a considerable
reduction from 2000 to 2010, mainly due to hard coal and uranium
mining. Instead, EU is known to be affected by potential lack of
access to fossil resources more than to access to uranium. By
adopting the ILCD recommended impact assessment method
(ADP), fossil resources completely disappear from the picture. In
fact, the ILCD nomenclature implies the adoption of a set of
accounting and transformation rules which imply sources of
uncertainty. For instance, the accounting rules for nuclear heat
foresee the conversion of the mass in equivalent thermal MJ of
‘nuclear’ heat by assuming a speciﬁc technology with a given
efﬁciency. Instead, caloriﬁc power is used for transforming the
mass of extracted fossil sources into MJ and the efﬁciencies of
conversion by different energy carriers production plants are not
taken into account. Moreover, it is difﬁcult to assess the
signiﬁcance of such changes as no uncertainty estimates are6 (1) Assuming that mining cost will be a limiting factor, (2) assuming that
collecting metals or other substances from low-grade sources is mainly an issue of
energy, (3) assuming that scarcity is a major threat and (4) assuming that
environmental impacts from mining and processing of mineral resources are the
main problem.reported by the Eurostat dataset on energy statistics. For what
concerns metals, the transformation from grade to metal content
which might be inaccurate.
For what concerns non-metallic minerals and biotic resources
larger differences can be noticed between the two inventories,
presumably related to the different resource categories and
accounting methods. However, similar trends emerge from both
datasets (see supplementary material, Section 2, for details).
The decreasing trend in primary energy sources extraction is
reﬂected also in terms of impact (Fig. 3), and also for biotic
resources, resource depletion impact shows a stable trend as well
as in resource extractions. In the case of primary energy sources,
the decreasing trend in domestic extraction is counterbalanced by
the increasing trend in import. Fig. 5 shows also that a resource
having a minor role in terms of mass ﬂow, i.e. uranium, is a major
contributor in terms of depletion impact, demonstrating how
different outcomes can be obtained when using mass ﬂows or
impact based accounting.
Concerning minerals and metals, resulting trends differ
according to the applied impact assessment methods used. EPS
shows a slightly decreasing trend over ten years, CML trend
increases in the ﬁrst part, with a peak in 2005 and then a decrease,
ReCiPe is almost constant (Fig. 3). The discrepancy in the results
from different impact assessment methods reﬂects the different
perspectives they have on the issue of resource depletion, as
outlined in, e.g. (Klinglmair et al., 2013; Rørbech et al., 2014).
Indeed, the EPS method uses Willingness-to-pay (WTP) models
and aims at capturing the monetary cost of avoiding damages to
natural resource availability. CML is based on reserves and/or
annual extraction rates, assessing therefore the relative scarcity of
materials. The ReCiPe method assumes that the extraction of a
resource over time leads to the decrease of the quality of still
available deposits and the marginal extraction cost is used for
characterizing future efforts for resource extraction. These
methods are pointing at different issues: while in CML the use
of the resource in relation to its availability is the matter of
concern, EPS and ReCiPe assess future consequences of the present
use, mainly in terms of costs that future generation will have to
afford. They therefore apply economic measures of decreased
future availability of resources as a function of present extraction
activities. The different approaches are, then, to be meant as
potentially complementary to highlight several resource-related
issues.
Moreover, it is important to consider that the data sources used
for energy, metals, non-metallic minerals and biotic resources (i.e.
respectively Eurostat, BGS, PRODCOM, Eurostat) do not report
estimations of uncertainty. Thus it is not possible to discuss the
trends in the light of conﬁdence boundaries (Fig. 4).
4.2. Contribution analysis and key resources
Understanding which resource is contributing the most to the
total resource extraction in mass or to the overall impact can be
relevant information in designing resource policies. Data for
metals in year 2010 are shown as an example in Fig. 5, in order to
highlight key resources emerging from the application of different
criteria. In terms of mass, i.e. analysing the domestic resource
extractions in 2010, the resources contributing the most following
MFA (DEU, ﬁrst column on the left) and LC-ind accounting are
different. According to MFA, copper and iron are the main
contributors, whereas aluminium, copper and zinc are the most
relevant ones in the second. Applying LCIA indicators, strontium
and silver contribute to 65% of the total impact calculated with
ADP; copper dominates the total impact in terms of surplus cost
(ReCiPe) and almost the 40% in willingness to pay (EPS), where also
silver has a high share (24%). When considering resource security
Fig. 2. Trends of mass accounts related to resource extractions in EU for different resource categories in the years 2000–2010 according to MFA and LC-ind inventories, year
2000 = 100.
Fig. 3. Trends of resource depletion impact (using different impact assessment methods) due to domestic extraction in EU for different resource categories in the years 2000–
2010 according to LC inventory, year 2000 = 100.
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explained in 1.3), silver, zinc and tungsten are the resources that
emerge as priority. Table 1 summarizes the outcome of this
analysis, showing the key resources which emerged from the
mass-based and the impact-based approaches, highlighting which
are the economic sectors using these resources. It can be noticed
that copper recurs as a key resource when using a mass-basedFig. 4. Primary energy resources: on the left domestic extraction and impoand an impact-based criteria. Being a fundamental metal for
infrastructure development and electriﬁcation, the implication of
applying a resource efﬁciency policy to this material could be very
relevant. However, copper does not emerge as a key resource
when using a resource security criteria. This can be due to its
high recyclability, which is taken into account into the Supply risk
factor (SRWGI) used for the characterization.rt, on the right the resource depletion indicator calculated with ADP.
Fig. 5. Contribution analysis of metal and mineral resources using different approaches: mass based accounting (in DEU) and in the life cycle inventory (considering metal
content); different LCIA methods (CML, EPS, RECIPE) and applying criticality assessment factors (CRM) (year 2010).
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Choosing either mass-based or impact-based methodologies for
assessing resource trends may have relevant implications when
setting policy targets. So far, targets based on dematerialisation, i.e.
in a reduction of the Domestic Material Consumption have been
proposed by, e.g., the European Commission, DG Environment (BIO
Intelligent Service, 2012) for the reference years 2020 and 2050.
An overview of different targets proposed also from other studies
is provided in Table 7s. These targets address at the amount of
resources extracted, regardless the characteristics of different
materials in terms of recyclability, substitutability, physical
scarcity of the resource, costs for future extraction, geopolitical
relevance etc. In fact, robust target setting should be based on the
assessment of potential impacts created to the economy, society
and the environment. According to Giampietro and Saltelli (2014),
p. 620, ‘complex adaptive systems can only be perceived and
represented using simultaneously different narratives and differentFig. 6. Application of mass based target (20% for all materials) and impact basmodels for quantitative assessments across dimensions and scales’.
This implies the use of descriptors (indicators) across multiple
levels (e.g. whole economy, economic sectors, etc.).
It is possible, however, to set targets based on e.g. the scarcisty
which these materials are potentially subject to, or the environ-
mental impacts generated because of their extraction. As a pure
hypothetical example we compare the application of two different
targets. The ﬁrst is based on a linear reduction of resource
extractions 20% reduction in mass for all metals, as proposed by
BIO Intelligent Service (2012). The second aims at lowering
potential depletion (assessed through the ADP) by reducing 80%
of the impact. This is implemented by focussing on the substances
that are contributing the most to the depletion, i.e. strontium and
silver; therefore, the target is set as ‘‘80% reduction for strontium
and silver and no reduction for the other metals’’.
It is possible to see that the application of the linear target to the
total extracted mass would lead to a correspondent reduction in
terms of resource depletion (see Fig. 24s). However, when applyinged target (80% strontium and silver only) for metals, resource depletion.
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L. Mancini et al. / Environmental Science & Policy 54 (2015) 367–376374the impact based target 50% reduction of the total depletion impact
is achieved (Fig. 6), without changing signiﬁcantly the total mass of
resources extracted. This is because these two metals have high
depletion potential but are extracted in very small amounts.
Therefore, depending on the methodology chosen, the application
of the target can achieve different objectives (dematerialization or
impact reduction) and having completely different effects on the
economic sectors using these resources. The same logic could be
applied for other criteria, e.g. environmental impacts or socio-
economic impacts linked to resources.
5. Conclusions
Improving resource efﬁciency is a policy priority of the
2020 strategy for growth of the EU. In order to monitor the
progress of this policy, domestic as well as trade-related resource
extractions have to be measured over time through robust
accounting systems and appropriate methodologies, responding
to multiple purposes. Resource assessment can serve also other
policies, e.g. related to eco-innovation, competitiveness and
resource security, having as objective not only dematerialisation
but also a better environmental proﬁle of products or the
identiﬁcation of speciﬁc resources as key strategically important
materials to be optimized (through reduction in use, recycling,
substitution etc.).
In the EU27, during the period 2000–2010 the domestic
extraction of resources and import has been relatively stable,
except for the domestic extraction of energy carriers, which
decreases sensibly over time at the expenses of increasing imports.
Analysing resource extraction trends over time is essential for
monitoring progress towards a more resource efﬁcient economy.
Comprehensive assessments require robust and quality assured
data on resource extractions and availability, mining operations
and related unused extractions, ore grade changes, etc. Although
MFA is a well-established accounting system and many improve-
ments have been made in order to enhance the accounting,
statistics on raw materials are often not consistent among different
data sources.
LC-ind inventory was developed more recently with the aim of
assessing environmental impacts associated with European
production and consumption through life cycle impact assessment
methods. Potentially, both environmental and socio-economic
impact can be evaluated using future developments of the
framework of the LC indicators, especially if the resolution of it
is improved at the level of sectors. Advancing data gathering in the
EU raw material sector and vectors of resource demand by sector is
essential to support resource efﬁciency and resource security
policy.
Environmental implications of mining and other resource
extraction, including e.g., effects on natural ecosystems, and
disruption potential of biotic structures, are not directly addressed
in the mass based approach, neither in current LCIA methods.
Therefore, they were left out of our analysis. Further research and
methodological advances in the impact assessment are needed in
order to include also this relevant aspect. In addition to the
limitations that have been presented, the paper also discussed the
implications of assessing resource trends with a mass accounting
approach or with different life cycle impact assessment methods
such as resource scarcity and security. The examples discussed
above showed that the choice between mass vs. impact based
methodologies has relevant repercussions in terms of resource
prioritization. Therefore, the setting of any target should be guided
by the policy objective (i.e. dematerialization, impact reduction
or security of resource supply) or a combination of them. In fact,
robust resource assessment and resource policy may consider
L. Mancini et al. / Environmental Science & Policy 54 (2015) 367–376 375results from the different approaches as complementary one to the
other, namely MFA and LCA as they point at different objectives.
In conclusion, while a mass based approach can rely on more
consistent data gathering system (which includes also traded
resources) the LCA approach has the advantage of translating
physical ﬂows into multiple metrics expressing some societal
concerns. This allows for a multiplicity of perspectives to be taken
into account when making decisions. Nevertheless, the robustness
of such accounting protocols, the internal consistency between
assumptions and underpinning narrative, as well as their ﬁtness
with the policy orientations and societal issues should be carefully
assessed before of their use in policy making. EC-JRC is currently
involved in the update of LCIA recommendations (EC – European
Commission, 2011b) for resources (metals and minerals, fossil
fuels, water and land) in order to improve the robustness and
reliability of impact-based methods.
This would allow shaping resource policy towards policy
objectives and economic sectors and, thus, focusing on those
resources resulting to be most relevant from an environmental or
socio-economic point of view. This is also facilitated by the higher
detail of the LC-ind inventory, which includes materials in a
disaggregated way. However, the development of a reliable, highly
resolved and well acknowledged resource accounting framework
and impact assessment method is a fundamental precondition for
the implementation of impact based assessment of resources in
policy making.
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